Citrus plants accumulate many kinds of flavonoids, including di-C-glucosyl flavonoids, which have attracted considerable attention due to their health benefits. However, the biosynthesis of di-C-glucosyl flavonoids has not been elucidated at the molecular level. Here, we identified the C-glycosyltransferases (CGTs) FcCGT (UGT708G1) and CuCGT (UGT708G2) as the primary enzymes involved in the biosynthesis of di-C-glucosyl flavonoids in the citrus plants kumquat (Fortunella crassifolia) and satsuma mandarin (Citrus unshiu), respectively. The amino acid sequences of these CGTs were 98% identical, indicating that CGT genes are highly conserved in the citrus family. The recombinant enzymes FcCGT and CuCGT utilized 2-hydroxyflavanones, dihydrochalcone, and their mono-C-glucosides as sugar acceptors and produced corresponding di-Cglucosides. The K m and k cat values of FcCGT toward phloretin were <0.5 lM and 12.0 sec À1 , and those toward nothofagin (3ʹ-C-glucosylphloretin) were 14.4 lM and 5.3 sec À1 , respectively; these values are comparable with those of other glycosyltransferases reported to date. Transcripts of both CGT genes were found to concentrate in various plant organs, and particularly in leaves. Our results suggest that di-C-glucosyl flavonoid biosynthesis proceeds via a single enzyme using either 2-hydroxyflavanones or phloretin as a substrate in citrus plants. In addition, Escherichia coli cells expressing CGT genes were found to be capable of producing di-C-glucosyl flavonoids, which is promising for commercial production of these valuable compounds.
INTRODUCTION
Flavonoids are phytochemicals that are widely distributed in plants, with more than 8000 flavonoids, including their derivatives, identified thus far (Pietta, 2000) . Found in various parts of plant organs as pigments or signal compounds, flavonoids serve several functions; for example, they are involved in UV-B protection, plant-microbe interactions, pollinator guidance, male fertilization, and antifungal and antimicrobial activities (Shirley, 1996) . In addition, the antioxidant activities of these compounds have attracted considerable attention due to the benefits they have on human health (Pietta, 2000) .
Flavonoids are often modified by glycosylation, resulting in changes to their physiological properties such as solubility and stability, and therefore glycosylation is thought to play a role in the modification of biological activities and accumulation of flavonoids in plants (Xiao et al., which have two sugar moieties connected though C-glycosidic bonds, as well as mono-C-glycosides, have been found in many plants (Jay et al., 2005) . The sugar moieties of these C-glycosides are usually glucose, but other sugars, such as arabinose, xylose, and rhamnose, are also present (Jay et al., 2005) . As C-glycosidic bonds are resistant to acid hydrolysis and glycosidase cleavage, C-glycosides often exhibit different properties from other glycosides (Talhi and Silva, 2012; Xiao et al., 2016) . C-Glycosylflavonoids are reported to encompass a wide range of compounds that have bioactive functions in planta, such as the antifungal agent phytoalexin (McNally et al., 2003) , as well as allelochemicals that act as seed germination inhibitors (Hooper et al., 2010) , a component of oviposition stimulants in swallowtail butterfly (Ohsugi et al., 1985) , and those that confer antibiosis to the maize earworm (Byrne et al., 1996) . They are also often found in flowers as co-pigments conferring flower color (Jay, 1994) . In addition, C-glycosylflavonoids are known to have medicinal properties, including antioxidant, antitumor, hepatoprotective, antidiabetic, and anti-inflammatory activities, indicating the potential health benefits of these compounds (reviewed by Xiao et al., 2016) . Of these, di-C-glycosylflavonoids are of particular interest because they are readily absorbed in the intestine and are delivered to several organs with no change to their structures (Xiao et al., 2016) .
The biosynthesis of C-glycosylflavonoids is catalyzed by C-glycosyltransferases (CGTs). CGTs have been reported from rice (OsCGT), buckwheat (FeCGTa and FeCGTb) , and soybean (UGT708D1), in which they utilize open-circular forms of 2-hydroxyflavanones as substrates and produce C-glucosylflavones through successive dehydration (Brazier-Hicks et al., 2009; Nagatomo et al., 2014; Hirade et al., 2015) . In contrast, CGT from maize (UGT708A6) is considered to utilize close-circular forms of 2-hydroxyflavanones as substrates (Falcone Ferreyra et al., 2013) , and CGT from mango (MiCGT) catalyzes the glucosylation of xanthones (Chen et al., 2015) . Recently, another type of CGT was found from gentian (GtUF6CGT) that utilizes flavones as substrates to produce C-glucosylflavones directly (Sasaki et al., 2015) . However, genes coding for enzymes catalyzing the formation of di-C-glycosides from mono-C-glycosides have not yet been identified.
Citrus fruits are cultivated worldwide (Khan and Kender, 2007) , and most commonly used as table fruits and for juice production. Global net production of citrus fruits in 2014 amounted to 1.38 9 10 8 tons (FAOSTAT, http://www.fao.
org/faostat/en/#data/QC). Citrus plants contain a large amount of C-glycosylflavonoids in their fruits and leaves, including the mono-C-glucosides vitexin, isovitexin, orientin, and isoorientin, and the di-C-glucosides 6,8-di-C-glucosylapigenin (vicenin-2), 6,8-di-C-glucosyl luteolin (lucenin-2), 3 0 ,5 0 -di-C-glucosylphloretin, 3,6-di-C-glucosylapigenin, and 3,8-di-C-glucosylapigenin (Kumamoto et al., 1986; Manthey et al., 2000; Ogawa et al., 2001; Jay et al., 2005; Gattuso et al., 2007; Talhi and Silva, 2012; Barreca et al., 2016) . Thus, we hypothesized that citrus plants also possess CGTs that form di-C-glycosides using mono-C-glycosylflavonoids as sugar acceptors.
To examine this possibility, we identified CGTs from two citrus plants common in Japan, kumquat (Fortunella crassifolia Swingle, syn. Citrus japonica Thunb. subf. crassifolia [Swingle] Hir€ oe) and satsuma mandarin (Citrus unshiu Marcow. var. praecox Tanaka 'Miyagawa wase'), both of which are known to accumulate C-glycosylflavonoids in various organs (Ohsugi et al., 1985; Ogawa et al., 2001) . Here, we identify and characterize the recombinant CGT enzymes that produce di-C-glucosylflavones from their aglycons, and then summarize the biosynthesis of di-C-glucosyl flavonoids in citrus plants.
RESULTS

Flavonoids of F. crassifolia and C. unshiu
Citrus plants are known to contain several flavonoid C-glycosides, including di-C-glycosides, in their fruits and leaves (Manthey et al., 2000; Gattuso et al., 2007) . We used HPLC-MS to analyze methanol extracts of kumquat and satsuma mandarin leaves to identify possible C-glycosides (Figure S1) ; methanol extracts of kumquat leaves contained a compound with a major peak at a retention time of 2.56 min (peak 2), the ultraviolet absorption spectrum of which was similar to that of phloretin ( Figure S1a ). The mass spectrum of this compound showed the presence of an [M-H] À ion at 597, which corresponded to that of diglucoside of phloretin (3ʹ,5ʹ-di-C-glucosylphloretin, Mw = 598.6), a compound previously reported to be a major component of kumquat leaves (Ogawa et al., 2001) . For further confirmation, the extract was treated with 2 M HCl at 60°C for 3 h to hydrolyze O-glycosides to their aglycons, whereas C-glycosides were stable for this treatment.
The peak did not change as a result of this treatment (Figure S1b) , suggesting that the compound was C-glucoside; it was eventually identified as 3ʹ,5ʹ-di-C-glucosylphloretin through comparisons with a synthesized compound in this work ( Figure S1e ). In addition to 3ʹ,5ʹ-di-C-glucosylphloretin, we found a second acid-tolerant compound in extracts of kumquat leaves at a retention time of 2.06 min (peak 1), the ultraviolet absorption spectrum of which was similar to that of apigenin (Figure S1a, b) . The mass spectrum of this compound exhibited an [M-H] À ion at 593, which corresponded to di-C-glucosyl-apigenin (Mw = 594.5); the compound was later identified as vicenin-2 by comparing it with an authentic compound ( Figure S1d ). Mono-C-glucosides of apigenin (vitexin and isovitexin) were not detected in kumquat. Methanol extracts of satsuma mandarin leaves also contained vicenin-2 ( Figure S1c ). Our results revealed the presence of a flavonoid di-C-glucoside in both types of plants, thus corroborating the results of other studies (Ohsugi et al., 1985; Ogawa et al., 2001) . To examine whether CGT activities are high enough in citrus plants to produce these C-glucosides, crude enzyme preparations of kumquat and satsuma mandarin leaves were examined for enzymatic activity using 2-hydroxynaringenin as a substrate ( Figure S2 ). Both types of plants showed C-glucosylation activities; notably, the reactions involving kumquat extracts exhibited evidence of di-C-glucoside formation, suggesting that these citrus plants were suitable for the study of CGTs responsible for the formation of flavonoid mono-and/or di-C-glucosides produced by C-glucosylation reaction, as shown in Figure 1 .
Isolation of candidate CGT genes from citrus plants
A search of the EST database of citrus plants in TIGR (conducted in September 2012, at http://www.jcvi.org) using a buckwheat CGT gene (FeCGTa) as a query produced several CGT candidates in citrus plants, including TA5377_37690 (Poncirus trifoliata), TA14910_2711 (Citrus sinensis), TA4403_85681 (C. clementine), and TA829_55188 (C. unshiu). The deduced amino acid sequences had high degrees of similarity, with greater than 95% sequence identity ( Figure S3 ), indicating that CGT sequences in citrus plants were highly conserved beyond the genus level. We designed a set of primers based on the conserved sequences corresponding to the N-terminal and C-terminal regions and performed PCR using cDNAs synthesized from the leaves of kumquat, satsuma mandarin, and hanaju (Citrus hanaju Siebold ex Shirai). The amplified fragments were cloned into a pCR4-TOPO vector and their sequences were determined. The full-length cDNAs of CGTs from kumquat, satsuma mandarin, and hanaju were designated as FcCGT, CuCGT, and ChCGT, respectively. FcCGT (1419 bp), CuCGT (1419 bp), and ChCGT (1419 bp) coded for the proteins FcCGT (UGT708G1), CuCGT (UGT708G2), and ChCGT (UGT708G3), each of which had a molecular mass of 51.6 kDa. As expected, the deduced amino acid sequences of the three CGTs shared a high level of identity (>98%), and had 48% and 43-44% identity with sequences of OsCGT and FeCGTa, respectively ( Figure S4 ). In addition, the nucleotide sequence of CuCGT shared 99% identity with an UGT708-like sequence (NC_023052) in the genomic sequence of C. sinensis that was recently released in GenBank. The citrus CGTs also contained the PSPG motif required for UDP-sugar binding (Osmani et al., 2009) , as well as His 23 and Asp 117 , which are required for the nucleophilic reaction toward sugar acceptor conserved in UGTs forming the acceptor-His-Asp triad (Wang, 2009 ).
Properties of recombinant citrus CGTs expressed in Escherichia coli
To confirm enzymatic properties of the three citrus CGTs (FcCGT, CuCGT, and ChCGT), their full-length cDNAs were cloned into a pET28a(+) vector and introduced into Escherichia coli Rosetta 2(DE3). The expressed recombinant proteins had a fused tag of 69 histidine and a molecular weight of 53.7 kDa when analyzed with SDS-PAGE. All of the resulting recombinant proteins (FcCGT, CuCGT, and ChCGT) displayed C-glucosylation activity against 2-hydroxynaringenin ( Figures 2 and S5 ), indicating that they are CGTs derived from citrus plants.
The typical reaction pattern catalyzed by FcCGT is shown in Figure 2 . A product peak (peak 6) was observed for a short period when phloretin (peak 7) was used as the substrate (Figure 2a) , and was coincident with nothofagin ( Figure 2c, peak N) . Nothofagin levels decreased as the reaction continued, whereas levels of the other product exhibiting the [MÀH] À ions at m/z 597 (peak 2) increased.
This compound was coincident with synthesized 3ʹ,5ʹ-di-Cglucosylphloretin ( Figure 2c , peak Dp). The retention time of it was different from that observed in Figure S1 , because we used different HPLC condition to separate nothofagin Figure 2 . HPLC-MS analysis of the recombinant FcCGT reaction products of phloretin and 2-hydroxynaringenin. Each panel shows a chromatogram of the following conditions: reaction using (a) phloretin and (b) 2-hydroxynaringenin as substrates incubated for 0 min, 5 min, and 30 min; standard compounds of (c) 3ʹ,5ʹ-di-C-glucosylphloretin and nothofagin; and (d) vicenin-2, vitexin, and isovitexin. As the reaction was stopped by adding HCl, 2-hydroxynaringenin and its C-glucosides were dehydrated and thus detected as apigenin and its C-glucosides. 3ʹ,5ʹ-Di-C-glucosylphloretin was synthesized by the enzymatic reaction as described in the Experimental Procedures and confirmed by NMR. The eluates were monitored at 290 nm (a, c) or 340 nm (b, d) using a diode array detector. The negative electron-splay ionization (ES À ) MS spectra corresponding to the di-C-glucosylated products are shown.
The retention time of MS peaks was delayed by about 0.08 min over that of the diode array. Peak identification: 1 and Vc, vicenin-2; 2 and Dp, 3ʹ,5ʹ-di-C-glucosylphloretin; 3 and Vt, vitexin; 4 and Iv, isovitexin; 5, apigenin; 6 and N, nothofagin; 7, phloretin. and 3ʹ,5ʹ-di-C-glucosylphloretin clearly. Moreover, FcCGT also catalyzed the C-glucosylation of 2-hydroxynaringenin ( Figure 2b ). Dehydrated derivatives of the products were detected in HPLC chromatographs constructed after the reactions were stopped by the addition of HCl and further incubation at 60°C for 30 min to complete dehydration. Two peaks, peaks 3 and 4, were observed, which corresponded to the compounds vitexin and isovitexin, respectively ( Figure 2d , peak Vt and Iv). As the reaction continued, levels of vitexin and isovitexin decreased, whereas the level of the other product exhibiting the [MÀH] À ions at m/z 593 increased (Figure 2b, peak1) . This peak corresponded to the compound vicenin-2 ( Figure 2d , peak Vc). CuCGT and ChCGT also produced vicenin-2 following reaction with 2-hydroxynaringenin and after treatment with HCl ( Figure S5a , b). These results clearly indicated that citrus CGTs alone catalyze the first C-glucosylation and the successive second C-glucosylation of flavonoids.
The enzymatic properties of FcCGT and CuCGT were examined further. The pH preference of FcCGT and CuCGT were determined using 2-hydroxynaringenin as a substrate, with both enzymes exhibiting greater than 65% of the maximum level of activity at pHs of 8.0-11.0 (Figure S6 ). The optimum reaction temperatures of FcCGT and CuCGT differed somewhat, although their amino acid sequences shared 98% sequence identity. Maximum FcCGT activity occurred at 50°C, with significant activity maintained up to 60°C, whereas maximum CuCGT activity occurred at 45°C, and it was deactivated at 55°C ( Figure S6 ).
Substrate specificities of FcCGT and CuCGT were examined using several flavonoid-related compounds as substrates ( Figure S7 ), with UDP-glucose as a sugar donor (Table 1) . Both enzymes displayed evidence of C-glucosylation activity toward 2-hydroxyflavanones, such as 2-hydroxynaringenin and 2-hydroxypinocembrin, which are in equilibrium with their open-circular form, or dibenzoylmethane form. They also reacted with flavonoids having 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone-like structures such as dihydrochalcone (phloretin); 2-phenyl-2ʹ,4ʹ,6ʹ-trihydroxyacetophenone; 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone; 2,4,6-trihydroxybenzaldehyde; and maclurin. In contrast, they did not catalyze the C-glucosylation of other compounds, including naringenin, apigenin, quercetin, isoliquiritigenin, propyl gallate, and 2ʹ,4ʹ-dihydroxyacetophenone, suggesting that 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone-like structures are necessary for substrates to be acceptable to these enzymes.
Both enzymes showed strong activity toward nothofagin and 2-hydroxynaringenin C-glucoside, resulting in a formation of corresponding di-C-glucosides (Table 1) , but both also exhibited less potent activity toward phloretin 2ʹ-Oglucoside (phloridzin), with activity levels 0.1% of that for nothofagin. These enzymes produced mono-C-glucosides but not di-C-glucosides when 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone, 2,4,6-trihydroxybenzaldehyde, and maclurin were used as substrates. Thus, FcCGT and CuCGT appear to have the same catalytic activities.
Sugar-donor specificities of FcCGT and CuCGT were also examined using 2-hydroxynaringenin as a sugar acceptor. Both of the enzymes primarily utilized UDP-glucose as the sugar-donor, but also used UDP-xylose as well; little activity with UDP-galactose and no activity with UDP-glucuronic acid were observed. This pattern of sugar-donor specificity in utilizing UDP-xylose was similar to the sugar-donor specificities of CGTs derived from buckwheat (Nagatomo et al., 2014) . Kinetic parameters of FcCGT reaction were calculated using phloretin, 2-hydroxynaringenin, and their mono-Cglucosides as substrates ( Table 2) . As the initial reaction rate toward phloretin was high and saturated even at substrate concentrations of 0.5 lM, we were unable to calculate the exact K m value; however, the K m and k cat values toward 2-hydroxynaringenin were 0.85 lM and 7.6 sec À1 , respectively. The enzyme also showed adequate affinity to nothofagin and 6-C-glucosyl-2-hydroxynaringenin, with K m and k cat values of 14.4 lM and 5.3 sec À1 , and 112.5 lM and 5.7 sec À1 , respectively. The K m and k cat values for both substrates were comparable to those reported for other UGTs, such as FeCGTa and OsCGT, whose values toward 2-hydroxynaringenin were 4.4 lM and 2.5 lM for K m , and 3.2 sec À1 and 3.1 sec À1 for k cat , respectively (Brazier-Hicks et al., 2009; Nagatomo et al., 2014) . These results suggested that FcCGT catalyzes both mono-C-glucoside formation and di-C-glucoside formation of flavonoids with high affinity.
Expression of citrus CGTs in plant organs
To investigate the role of FcCGT and CuCGT in planta, total RNAs were extracted from several organs of kumquat and satsuma mandarin (flower, immature fruit, peel of mature fruit, young leaves, and mature leaves), and analyzed using quantitative reverse transcription (qRT)-PCR ( Figure 3) . Expression of these CGTs was detected in all of the plant organs included in the analyses, but particularly in the leaves of both plants and in the flowers of kumquat. Flavonoid di-C-glucoside (i.e., 3ʹ,5ʹ-di-C-glucosylphloretin and vicenin-2) amounts were also estimated in each organ (Figure 3) , with large amounts of 3ʹ,5ʹ-di-C-glucosylphloretin found in kumquat, especially in the leaves, with lower amounts in immature fruit and flowers, whereas this compound was not detected in satsuma mandarin. Both plants accumulated vicenin-2, mainly in their leaves, although at far lower levels than that of 3ʹ,5ʹ-di-C-glucosylphloretin in kumquat. The accumulation patterns of these flavonoids were similar to those of the FcCGT or CuCGT transcripts in these plants. Thus, the evidence suggested that FcCGT and CuCGT play roles in the biosynthesis of flavonoid-C-glucosides.
Bioconversion of 2-hydroxynaringenin and phloretin into their di-C-glucoside by E. coli expression system
Bioconversion of substrates into their C-glucosides was examined using E. coli cells that express CuCGT, with the compounds having 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone-like structures used as the substrates. Substrates added to the culture medium were mostly converted into their C-glucosides, which were recovered from the medium after 2 h (Figures 4 and S8) . When 2-hydroxynaringenin (Figures 4a, peak 10) was administered to the medium, it was converted into di-C-glucoside(peak 8) and mono-C-glucoside (peak 9) as main products, and their dehydrated compounds (vicenin-2 [peak 1], vitexin [peak 3], and isovitexin [peak 4]) were detected in trace amounts (Figure 4b ). After treatment with HCl, these compounds were completely dehydrated and converted into apigenin-C-glucosides (vicenin-2, vitexin, and isovitexin; Figure 4c ). In the case of phloretin (Figure 4d , e), di-C-glucosylphloretin (peak 2) and nothofagin (peak 6) were detected as main products. We purified the former product (peak 2) and used NMR for analysis of the product, determining that the NMR data corresponded with that reported for 3ʹ,5ʹ-di-C-glucosylphloretin (Ogawa et al., 2001) , thus confirming that the product was 3ʹ,5ʹ-di-C-glucosylphloretin. In these conversions, quantities of the di-C-glucosides exceeded 50% of their initial amounts, suggesting that this system would be useful for the production of di-C-glucosides. These conversions were also available for other compounds that can be recognized as substrates by the enzymes, and can be used for E. coli cells expressing FcCGT ( Figure S8 ). Syntheses of flavonoid C-glucosides using plant CGTs have been elucidated (Brazier-Hicks and Edwards, 2013; Bungaruang et al., 2013; Ito et al., 2014) , but the process of di-C-glucosides synthesis has yet to be determined. Thus, our results may represent a cost-effective approach to the production of flavonoid di-C-glucosides.
Molecular phylogenetic analysis of citrus CGTs
A molecular phylogenetic tree was constructed based on the deduced amino acid sequences of citrus CGTs, other reported CGTs, and several types of UGTs; these are summarized in Table S1 ( Figure 5 ). Plant CGTs utilizing 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone-like structures formed a clade (UGT708), suggesting that these CGTs have evolved from the same ancestral gene as proposed previously (Yonekura-Sakakibara and Hanada, 2011; Nagatomo et al., 2014) . Those UGTs displaying CGT activities with different Nothofagin was used as a sugar acceptor. c K m value could not be determined because of detection limits; the initial reaction speed remained constant even when concentrations of the substrate phloretin were 0.5 lM.
substrate specificities, such as gentian CGT (GtUF6CGT) showing 6-C-glucosylation activity to flavone substrates (Sasaki et al., 2015) and Arabidopsis UGT73B4 showing Oand C-glucosylation activities toward xenobiotics (GandiaHerrero et al., 2008), were resolved in different clades-an indication that these enzymes evolved independently and in parallel, and derived from different ancestral genes that had diverged from OGTs (Sasaki et al., 2015) .
DISCUSSION
Information regarding the biosynthesis of C-glycosides of flavonoids and their related compounds is limited due to insufficient CGT identification, despite several CGTs having been identified from rice, maize, buckwheat, soybean, mango, and gentian over the past several years (Brazier-Hicks et al., 2009; Falcone Ferreyra et al., 2013; Nagatomo et al., 2014; Chen et al., 2015; Hirade et al., 2015; Sasaki et al., 2015) . Available information regarding CGTs is especially inadequate considering the diversity of these C-glycosides, particularly those CGTs involved in di-C-glycoside formation. In this study, we isolated CGT genes from citrus plants and characterized their gene products (C-glycosyltransferase enzymes), including those involved in the mono-C-glucosylation of several aglycons and further C-glucosylation of mono-C-glucosyl flavonoids. Biosynthesis of di-C-glycosylflavonoids has been examined in a few studies. In rice, candidate genes responsible for the accumulation of di-C-arabinosylapigenin have been narrowed down by metabolome-genome-wide association studies (Matsuda et al., 2015) , so that enzymatic characterization is expected to elucidate C-arabinosylation. Leaves of Desmodium are known to accumulate di-C-glycosides of apigenin, and their cell-free extracts showed both C-glucosylation activities to 2-hydroxynaringenin and subsequent second glycosylation of C-glucosyl-2-hydroxynaringenin. Thus, the first and the second C-glycosylation reactions are catalyzed by different enzymes, as indicated by the use of different UDP-sugars, such as UDP-glucose, UDP-arabinose, or UDP-galactose (Hamilton et al., 2012; Hao et al., 2015) . In contrast, our results clearly showed that a single enzyme can catalyze both the first and second C-glycosylation reactions in the biosynthesis of 3ʹ,5ʹ-di-C-glucosylphloretin and vicenin-2 in citrus plants (Figures 1, 2, and S5 ). These enzymes showed strong activities toward the aglycons, such as phloretin and 2-hydroxynaringenin, and toward flavonoid mono-C-glucosides, such as nothofagin and 6-C-glucosyl-2-hydroxynaringenin (Table 1 ). The k cat / K m values for FcCGT suggested that the reaction rate of the first C-glycosylation is much faster than that of the second C-glycosylation (Table 2) . However, the parameters of the second C-glycosylation were also comparable with other reported UGT enzymes and sufficient to catalyze these reactions in vivo (Tables 1 and 2 ). That FcCGT can catalyze both first and second C-glucosylation of flavonoids would be consistent with the fact that kumquat accumulates mostly di-C-glucosides but not mono-C-glucosides of phloretin and apigenin (Figures 3 and S1 ).
Both FcCGT and CuCGT exhibited slight activity with phloridzin, a 2ʹ-O-glucoside of phloretin, although this amounted to only 0.1% of the activity with nothofagin (Table 1) , and both reacted with 6-C-glucosyl-2-hydroxynaringenin but not with vitexin or isovitexin. These results suggested that, similar to the first C-glycosylation step, the open-circular form of 2-hydroxyflavanone is required for substrate recognition in the second C-glycosylation. These enzymes showed levels of activity with 2ʹ,4ʹ,6ʹ-trihydroxyacetophenone, 2,4,6-trihydroxybenzaldehyde, and maclurin, but did not produce their di-C-glucosides, suggesting high substrate specificity at the di-C-glucosylation step but less so during the mono-C-glucosylation in terms of the distance between the two aromatic rings. In addition, neither Figure 4 . Production of di-C-glucosides by bioconversion using E. coli expressing CuCGT. E. coli harboring CuCGT cDNA were used for the bioconversion of flavonoid substrates into their C-glucosides. Induction of CuCGT expression and feeding of the 2-hydroxynaringenin (a-c) or phloretin (d, e) were performed as described in the Experimental Procedures. The culture media were sampled immediately (0 h) and 2 h after substrate addition and subjected to HPLC-MS analysis following the addition of methanol. Chromatograms reflect the following conditions: (a) immediately and (b) 2 h after addition of 2-hydroxynaringenin; (c) the 2-h samples following treatment with HCl; (d) immediately and (e) 2 h following addition of phloretin; and (f) negative electron-splay ionization (ES À ) MS spectra of the products for 2-hydroxynaringenin (peaks 8 and 9). The retention time of MS peaks was delayed by about 0.08 min over that of the diode array. Peak identification: 1, vicenin-2; 2, 3ʹ,5ʹ-di-C-glucosylphloretin; 3, vitexin; 4, isovitexin; 5, apigenin; 6, nothofagin; 7, phloretin; 8, 6,8-di-C-glucosyl-2-hydroxynaringenin; 9, 6-C-glucosyl-2-hydroxynaringenin; 10, 2-hydroxynaringenin.
enzyme produced 3-C-glucosides of flavonoids like those found in citrus plants (Jay et al., 2005) , indicating the existence of another enzyme or enzymes catalyzing 3-C-glucosylation of flavonoids. The reaction mechanism of bacterial CGT has been intensely studied, especially that of UrdGT2 from Streptomyces fradiae, in which a conversion of related OGT to CGT is achieved via substitution of several amino acid residues involved in substrate recognition, as inferred from its crystal structure (H€ arle et al., 2011) . In contrast, research on the reaction mechanism of plant CGTs is lacking, mainly due to the low number of plant CGTs that have been identified and characterized. In general, the amino acid residues at the sugar-acceptor binding pockets of UGTs are not highly conserved (Osmani et al., 2009) . Hirade et al. (2015) concluded from analysis of homology modeling and the substitution of these residues into alanine that the two amino acid residues of UGT708D1 located in the active site, Asp 85 and Arg 292 , are important for C-glucosylation activity. However, the molecular bases of the CGT reaction mechanism remain unclear. We were unable to determine the structural differences between the CGTs catalyzing mono-C-glucosylation alone and those catalyzing mono-and di-C-glucosylation. Further studies are warranted to elucidate in detail the CGT reactions.
EXPERIMENTAL PROCEDURES Plant materials
Kumquat (Fortunella crassifolia), satsuma mandarin (Citrus unshiu var. praecox 'Miyagawa wase'), and hanaju (Citrus hanaju) were used in this study. Leaves, flowers, and fruits were Figure 5 . Neighbour-joining tree inferred from the amino acid sequences of citrus plant C-glycosyltransferases (CGTs) and related glycosyltransferases. A molecular phylogenetic tree was constructed using the neighbour-joining method in the MEGA6 software (http://www.megasoftware.net/) based on the deduced amino acid sequences of UGTs (citrus CGTs, other reported CGTs, and several types of UGTs were selected as representative) that were aligned with ClustalW. Bar indicates 0.2 amino acid substitutions per site. Orthologous groups (OG) of plant UGTs are shown in accordance with those proposed by Yonekura-Sakakibara and Hanada (2011). Abbreviations and GenBank accession numbers: FcCGT (UGT708G1), LC131333; CuCGT (UGT708G2), LC131334; ChCGT (UGT708G3), LC131335; MiCGT, ALD83754; GmCGT (UGT708D1), I1L3T1; FeCGTa (UGT708C1), BAP90360; FeCGTb (UGT708C2), BAP90361; ZmCGT (UGT708A6), A0A096SRM5; OsCGT, CAQ77160; PcPGT (UGT88F2), ACZ44838; RhGT1, BAD99560; Sb7GT (UGT88D1), BAC98300; CrYMb4 (UGT71E2), BAF75901; UGT72B1, Q9M156; UGT73B4, Q7Y232; NtIS5a (UGT73A1), AAB36653; AtF7RhamT (UGT89C1), Q9LNE6; VvGT1 (UGT78A5), AAB81683; UGT85H2, ABI94024; AtNGT (UGT76C1), AED90934; AtSAGT (UGT74F2), O22822; AtHCAGT2 (UGT84A1), Q5XF20; GtUF6CGT, BAQ19550; UrdGT2, AAF00209. Detailed information about the UGTs is presented in Table S1 .
collected from potted plants grown under natural conditions, immediately frozen with liquid nitrogen, and stored at À80°C until use.
Reagents
The following substrates were used: apigenin and luteolin (Indofine Chemical Company, Hillsborough, NJ, USA); chrysin (Across Organics, Geel, Belgium); quercetin, UDP-glucose, and UDP-glucuronic acid (Nacalai Tesque, Kyoto, Japan); vicenin-2, naringenin, maclurin, 2-phenyl-2 0 ,4 0 ,6 0 -trihydroxyacetophenone, UDP-xylose, and UDP-galactose (Sigma-Aldrich, St-Louis, MO, USA); phloretin, phloridzin, 2 0 ,4 0 -dihydroxyacetophenone, 2 0 ,4 0 ,6 0 -trihydroxyacetophenone, and isoliquiritigenin (Tokyo Chemical Industries, Tokyo, Japan); vitexin and isovitexin (Extrasynth ese, Genay, France); 2,4,6-trihydroxybenzaldehyde (Alfa Aesar, Heysham, England); and propyl gallate (Wako Pure Chemical Industries, Osaka, Japan). Unless otherwise specified, all other chemicals were obtained from Sigma-Aldrich, Nacalai Tesque, Wako Pure Chemical Industries, and Kanto Kagaku (Tokyo, Japan). 2-Hydroxypinocembrin and 2-hydroxynaringenin were synthesized as previously described by Nagatomo et al. (2014) . 6-C-Glucosyl-2-hydroxynaringenin, 6-Cglucosyl-2-hydroxypinocembrin, 3
0 -C-glucosyl-2-phenyl-2 0 ,4 0 ,6 0 -trihydroxyacetophenone, and nothofagin were synthesized by a biotransformation using E. coli expressing FeCGTa enzyme as previously described by Ito et al. (2014) .
Analysis of phenolic compounds in plants
Frozen samples (100 mg fresh weight) of kumquat and satsuma mandarin ground with mortar and pestle were extracted with methanol (1 ml) overnight at 4°C. The resulting extracts were centrifuged at 17 000 g for 10 min to remove cellular debris. Aliquots of the samples were treated with 2 M HCl at 60°C for 3 h to hydrolyze O-glycosidic bonds as described previously (Nagatomo et al., 2014) . Both acid-treated and non-treated samples were filtrated through a 0.2-lm polytetrafluoroethylene filter (Merck Millipore, Darmstadt, Germany) and analyzed with HPLC.
HPLC conditions
HPLC-MS was performed with a Waters UPLC ACQUITY SQD system (Waters, Milford, MA, USA) equipped with an ODS column (2.1 mm i.d. 9 50 mm, 1.9 lm; J-Pak UPX Supero C 18 , JASCO, Hachioji, Japan), an electron-splay ionization probe (negative mode), and a diode array detector, as described previously by Nagatomo et al. (2014) . Briefly, the column was eluted with 20% solvent B (methanol supplemented with 0.1% formic acid) and 80% solvent A (0.1% formic acid) for 0.5 min, followed by a gradient from 20% to 60% solvent B for 2 min, 60% solvent B and 40% solvent A for 2 min, and finally 20% solvent B and 80% solvent A for 2 min at a flow rate of 0.25 ml min À1 and a temperature of 40°C. To separate the reaction products of phloretin, the column was eluted with a gradient from 20% to 30% solvent B for 1 min, 40% solvent B and 60% solvent A for 0.5 min, a gradient from 40% to 60% solvent B for 1 min, 60% solvent B and 40% solvent A for 2 min, and then 20% solvent B in 80% solvent A for 2 min. Methanolic extracts of citrus plants were also analyzed with an LC10Avp system (Shimadzu, Kyoto, Japan) equipped with an ODS column (4.6 mm i.d. 9 150 mm; KINETEX C18, Phenomenex, Torrance, CA, USA). The column was eluted with 25% solvent B in solvent A for 2 min, followed by a linear gradient of 25% to 55% solvent B in solvent A for 18 min, then by 70% solvent B and 30% solvent A for 4 min at a flow rate of 1 ml min À1 and a temperature of 40°C. The eluate was monitored at 320 nm using a diode array detector (SPD-M10Avp, Shimadzu).
Detection of CGT enzyme activities in leaves
Frozen leaves (0.3 g fresh weight) of both kumquat and satsuma mandarin were separately ground with a mortar and pestle under liquid nitrogen and extracted with 0.6 ml of ice-cold buffer A (50 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol) containing 5% (w/v) polyvinylpolypyrrolidone. The mixture was sonicated for 20 cycles of 3 sec each at an amplitude of 24% (Vibra Cell VCX500, Sonic & Materials, Inc., Newtown, CT, USA) on ice and centrifuged at 17 000 g for 15 min. The supernatant was desalted using a NAP-5 desalting column (GE Healthcare Japan, Tokyo, Japan) equilibrated with buffer A. The desalted supernatant was concentrated using Amicon Ultra-15 Ultracel-10k (Merck Millipore) and the concentrate was utilized as crude enzymes. C-Glucosylation activity was assayed in a reaction mixture (100 ll) composed of crude enzymes, 100 lM phloretin or 2-hydroxynaringenin as glucose acceptor, and 2 mM UDP-glucose as glucose donor in buffer A. The reaction was initiated by adding the substrate, then incubated at 30°C for 2 h, and stopped by adding 20 ll of 1 M HCl and 100 ll of methanol.
Cloning and sequencing of CGT genes
Candidate genes coding for CGTs were determined by searching the former EST database of citrus plants in the TIGR Plant Transcript Assemblies (http://plantta.jcvi.org/index.shtml, conducted in September 2012) using the FeCGTa amino acid sequence as the query sequence. PCR primers were constructed from the candidate genes ( Figure S3 ) along with the addition of restriction enzyme cutting sites, namely, citrus CGT-Fw_Nde 5ʹ-GTCATATGT-CAGATTCCGGCGGCTTTG-3ʹ and citrus CGT-Rv_Xho 5ʹ-GACTC-GAGTTAATGGGTGTTGTTGTTGCAC-3ʹ. Total RNAs of kumquat, satsuma mandarin, and hanaju were extracted from frozen leaves by grinding leaves with a mortar and pestle under liquid nitrogen using a Sepasol RNA I SuperG (Nacalai Tesque) in accordance with the manufacturer's instructions, and then treating the resultant RNA solutions with DNase I (TaKaRa Bio, Inc., Kusatsu, Japan). First-strand cDNAs were synthesized from the total RNAs (500 ng) using a ReverTra Ace (TOYOBO, Tokyo, Japan) and a dT-T3 primer (5ʹ-ATTAACCCTCACTAAAGGGTTTTTTTTTTTTTTTTVV-3ʹ, 100 pmol) at 42°C for 60 min; mixtures were diluted by adding 180 ll of TE buffer. The PCR was performed using 2 ll of firststrand cDNA as a template, citrus CGT-Fw_Nde and citrus CGTRv_Xho as primers, and iProof Hi-Fidelity DNA polymerase (BioRad, Hercules, CA, USA) under the following conditions: 98°C for 30 sec, 40 cycles of 98°C for 10 sec, 60°C for 20 sec, and 72°C for 45 sec, followed by 72°C for 8 min. The amplified fragments were cloned into pCR4Blunt-TOPO (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced using an ABI-PRISM 3130xl Genetic Analyzer (Thermo Fisher Scientific).
Phylogenetic analysis
A phylogenetic tree was created using the neighbour-joining method with 1000 bootstrap replicates. Construction of the tree was performed with MEGA6 software (http://www.megasoftware. net/) using sequences aligned with ClustalW.
Heterologous expression of CGTs in E. coli
Full-length cDNAs of CGTs from citrus plants (kumquat, satsuma mandarin, and hanaju) cloned in pCR4Blunt-TOPO were digested with NdeI and XhoI and subcloned into pET28a(+) (Merck Millipore) to produce pET-FcCGT, pET-CuCGT, and pET-ChCGT. The recombinant proteins were expressed in E. coli Rosetta TM 2(DE3) (Merck Millipore) and extracted in accordance with the manufacturer's instructions, with minor modifications: for an induction of expression of the objective genes, the culture was supplemented with 0.4 mM isopropyl thiogalactoside and incubated at 22°C for 18 h. The recombinant proteins were purified using a nickel-affinity column (His-GraviTrap, GE Healthcare Japan) and concentrated using Amicon Ultra-15 Ultracel-10k (Merck Millipore); concentrated proteins were used as purified recombinant enzymes.
Characterization of the recombinant enzymes
Enzyme reactions were performed with reaction mixtures (50 ll) composed of 0.5-500 ng purified enzyme, 200 lM substrate, 2 mM UDP-glucose, and 50 mM potassium phosphate buffer (pH 8.0) containing 5 mM 2-mercaptoethanol and 0.01% BSA. The reaction was initiated by adding the substrate and then incubated at 30°C for 5-30 min. The reaction was terminated by adding 10 ll 2 M HCl and subjected to HPLC-MS analysis after the addition of methanol (100 ll) and an internal standard (1 mM umbelliferone, 2,4,6-trihydroxybenzaldehyde, chrysin or naringenin, 5 ll). The products were detected by measuring absorbance at 290 nm or 340 nm. To verify the effect of pH on enzyme activity, 100 mM potassium phosphate (pH 5.0-8.5) and 100 mM ethanolamine-HCl (pH 8.0-11.0) were used as a buffer, and 2-hydroxynaringenin was used as a substrate. To determine the optimal temperature, the reactions were performed at 20-65°C. Substrate preferences of the enzymes were confirmed using 200 lM flavonoids and related compounds listed in Table 1 and Figure S7 , and 2 mM UDP-glucose. Preference of sugar donor was confirmed using 500 lM UDP-sugars and 100 lM 2-hydroxynaringenin. Kinetic parameters of the enzyme reaction were obtained by fitting the kinetics data to the Michaelis-Menten equation using Hyper 32 software (http:// homepage.ntlworld.com/john.easterby/software.html).
Quantitative RT-PCR analysis
Total RNAs were extracted from flowers, leaves, immature fruit, and fruit peels of kumquat and satsuma mandarin with SepasolG, as described above, and the first-strand cDNAs were synthesized from the total RNAs (200 ng each) using a PrimeScript RT Reagent Kit (Perfect Real-Time) (TaKaRa Bio) according to the manufacturer's instructions. The mixtures were each diluted by adding 10 ll of water, and PCR was performed in a Thermal Cycler Dice Real-Time System TP800 (TaKaRa Bio) using 2 ll of the first-strand cDNA as a template and a SYBR Premix Ex Taq II in accordance with the manufacturer's instructions. CGTs fragments were amplified using a primer set of citrus CGT-735F (5ʹ-TGGACCTCTTTTGCCTTGTG-3ʹ) and citrus CGT-880R (5ʹ-CCTTCGTTTGCTCCATTGAC-3ʹ). For normalization, glyceraldehyde-3-phosphate dehydrogenase (gapdh, XM006476919) was used as a housekeeping gene with a primer set citrus-GAPDH-762F (5ʹ-GTCTTGCCTGC TTTGAATGG-3ʹ) and citrus-GAPDH-862R (5ʹ-GCATCCTTCTC-CAGCCTCAC-3ʹ). The transcript level was calculated using Real-Time System (TaKaRa Bio) software via the ddCt method based on the second derivative maximum and three biological replicates (average AE SD). Statistical analyzes were performed with Tukey's test on MAPHAS software (http://www.gen-info. osaka-u.ac.jp/MEPHAS/tukey-e.html).
Bioconversion of flavonoids by E. coli expressing citrus plant CGTs
Bioconversion of flavonoids was performed as described previously by Ito et al. (2014) using E. coli Rosetta 2(DE3) harboring pET-CuCGT or pET-FcCGT. Briefly, E. coli cells expressing CGTs were collected by centrifugation at 3000 g for 10 min and then suspended in M9 basal media containing 2% glucose at a cell density of OD 600 = 3.0. The suspension was incubated at 30°C and shaken at 150 rpm, then added to the substrate at a final concentration of 100 lM.
NMR analysis
NMR spectra were recorded on a Bruker Avance 400 spectrometer (Bruker BioSpin, Yokohama, Japan) and compared with the reported NMR spectrum (Ogawa et al., 2001) . 3ʹ,5ʹ-di-C-glucosylphloretin: 
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